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Abstract
Distinguishing of mines from scrap metal is a diﬃcult task that provides challenge when seeking an ultimate solu-
tion. An eddy-current imaging feature added to standard handheld metal detector is an option for such discrimination.
Our metal detector was enhanced by an inertial measurement unit aided by velocity information, measured by optic
ﬂow sensor. It lead to further improvement of the proposed procedure by means of position and orientation tracking.
The achieved accuracy of mine signal localization is 1 cm in 1x1m scanning area.
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1. Introduction
In the majority of applications, metal detectors are used for localization of mines, unexploded ordnance (UXO)
and metal objects such as coins. These detectors are mainly based on the eddy-current principle. Mine detectors
are usually hand-held devices, but detectors mounted on vehicles or Unmanned Vehicle Systems (UVS) can also
be encountered [1]. Simple hand-held detectors for localization of small metal objects in small depths, such as AP
(antipersonnel) mines, usually have audio outputs. During ﬁeld-testing, a trained operator scans the area by keeping
the detection head at a constant distance of several cm above the terrain. A typical use consists of two phases:
• general scanning: performed at typical speed of 0.5 m/s; length of scanned line being approx. 1 m,
• pinpointing: when a signal appears, a general scanning procedure is stopped and the detection head is repeti-
tively moved over the area around the suspected target.
Such detectors are relatively low-cost and reliable, but they lack any discrimination feature; hence, object recogni-
tion and identiﬁcation is not possible. This ﬂaw becomes crucial especially during humanitarian demining operations,
when every piece of detected metal has to be removed from the ground. In some cases this may result up to several
hundreds of pieces of scrap metal being carefully excavated before one mine is found, causing undesirable delays [2].
In order to solve this issue, more advanced mine detectors providing localized area mapping have to be used
instead. These detection systems usually collect information from a row of detectors on a moving vehicle. After the
area is scanned, a complete signal map is generated. Image processing techniques are used to recognize the shape
characteristics of the searched objects. To be capable of position recognition in the scanned area, we have enhanced
the mine detector with an inertial measurement unit (IMU) and an information from the optic ﬂow sensor to measure
the motion dynamics and localization. The conventional extended Kalman ﬁlter (EKF) was implemented to provide
desired data fusion, an error compensation, and 3-dimensional trajectory estimation, including an orientation.
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2. Theory and Methodology
The system used for mine detector positioning with respect to the area map is based on a low-cost IMU which is
composed of three accelerometers and three angular rate sensors. These inertial sensors are mounted perpendicularly
to each other and calibrated [3] in such a way to form an orthogonal measurement frame [4, p. 12]. Therefore, each
accelerometer is able to detect the speciﬁc force that is deﬁned as the time rate of change of velocity relative to the
local gravitational ﬁeld [5, 6]. For any navigation tasks, it is important to track directions in which the accelerometers
sensing axes are oriented by sensing the rotational motion using angular rate sensors [5, 6]. A compensation for
projected local gravity value has to be resolved as well.
The orientation and the object position are obtained by the strapdown mechanization algorithm [5, 6, 7] that uses
the angular rate data and acceleration data as inputs. However, this may result in unbounded error growth over the
time due to the integration of she sensor oﬀsets [7]. Such a ﬂaw can be resolved by periodical correction feedback
to the IMU driven by velocity and position information obtained from other aiding sensors, such as in our case the
vision sensor based on an optic ﬂow and the usage of referential optical or magnetic landmarks.
The most conventional signal processing technique for data fusion is the extended Kalman ﬁlter (EKF), which
is well explored and deﬁned in [8, 9, 10]. Nowadays, the EKF is widely used in the state estimation and ﬁltering
in inertial navigation systems. The EKF combines all the available measurements with a prior knowledge about the
sensors, their models, and the state space model of the system to produce an optimal state estimates. The actual
data fusion of our IMU with the aiding signals was implemented as shown in Fig. 1b and obeyed the structure of
conventional complementary ﬁlters. The complementary ﬁlter scheme consists of the following blocks:
(a) Sensor instalation (b) Complementary ﬁltering
Figure 1: Metal detector with installed IMU and position estimation procedure.
1. System 1: inertial sensors (IMU unit) and the strapdown mechanization algorithm [11] that processes the raw in-
ertial data and after optimal pre-ﬁltering and compensation of deterministic sensor errors provides the position,
velocity, and attitude information in the North-East-Down (NED) navigation frame.
2. System 2: aiding sensors (in our case optical ﬂow and eventually also referential landmarks) and the algo-
rithm utilizing the complementary velocity and position aiding signals provided by aiding sensors. The aiding
measurements are obtained by means of post-processing using standard target tracking techniques for image
processing.
3. The EKF is implemented in such a way to provide error estimates in position, velocity, and attitude. This is
achieved through a full-state space error model [12, pp. 35-41], developed using the perturbation analysis of
the diﬀerential equations of the navigated system dynamics [10, p. 29]. Inertial sensors errors are modeled
according to the Allan variance analysis of their static measurements [13, 14]. This allows identiﬁcation and
classiﬁcation of the random processes causing the sensors noise. Furthermore, the error model is enhanced by
nonholonomic constraints to assure observability in position in all three axes. These constraints concern the
limited vertical motion and the movement speed proﬁle; the speed proﬁle is shown in Fig. 2, where Fig. 2a
represents position of detection head and Fig. 2b deﬁnes speed proﬁle of motion.
4. Correction feedback: the errors estimated by the EKF are periodically fed back to the strapdown mechanization
and the error state vector is reset at the same time to keep the error state values small such that the linearity of
the implemented error model is not violated.
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(a) Position (b) Speed
(c) Line intensity (d) 2D intensity map
Figure 2: Position, speed and signal intesity of the metal detector. Figures 2c and 2d are based on data from EC JRC
Ispra
3. Measurement
To verify the performance of our system a series of both laboratory and ﬁeld-tests was realized. For the raw but
calibrated inertial data the 3DM-GX2 unit (MicroStrain) was used with sampling frequency of 100 Hz. The optic ﬂow
aiding system was represented by a camcorder with 20 frames per second with resolution of 1280 by 720 pixels.
4. Results
Fig. 3 shows the measured position and the output of the strapdown mechanization algorithm with correction
feed-back from the EKF used to estimate errors; for estimated errors plots see Fig 4. Compared to the results reported
in [15] the position accuracy was substantially improved so that we are on a good way to achieve accuracy of 1 cm in
the 1m x 1m scanning area which is suﬃcient for eddy current imagers.
5. Conclusions
We have proposed and evaluate enhancement for mine detectors allowing signal localization and trajectory track-
ing using inertial measurements aided by velocity optic ﬂow measurements. The system can alo use position updates
via referential optical or magnetic landmarks. The achieved localization accuracy is 1 cm in 1x1m scanning area.
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Figure 3: Sensors head 3D position.
Figure 4: Position and attitude error time evolution
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